Therefore, cover crops have potential to improve N cycling in agricultural fields (Tonitto et al., 2006; Kaspar and Singer, 2011) . Additional potential benefits from cover crops include improved infiltration, decreased erosion, enhanced microbial biomass, increased weed suppression, and improved C sequestration and soil organic matter (Kaspar et al., 2001; Franzluebbers, 2005; Sainju et al., 2005; Dhima et al., 2006; Hoorman et al., 2009; Olson et al., 2010; Bernstein et al., 2011; Mirsky et al., 2013; Tabaglio et al., 2013; Moore et al., 2014; McDaniel et al., 2014 ). An issue with cover crops in the upper Midwest, however, is the cold and generally short period for growth between harvest and spring planting of annual crops (Dinnes et al., 2002) . Due to winter hardiness and its potential to utilize residual soil NO 3 -N, RCC is often used as a cover crop in the Midwest region (Feyereisen et al., 2006) .
Despite the potential RCC benefits, information about effects on N recycling is unclear. Effectiveness of an RCC in improving N cycling still needs to be addressed when using different N rates, tillage systems, and with variable weather patterns (Qi et al., 2011) . The successful use of an RCC in crop rotations depends on appropriate management practices (Ruffo and Bollero, 2003b) , including timely termination in the spring to avoid annual crop yield loss or microbial use of plant available N for RCC-BD (Johnson et al., 1998; Parkin et al., 2006) .
Negative RCC effects on corn growth and yield (Johnson et al., 1998; Thelen and Leep, 2002; Kramberger et al., 2009; Pantoja et al., 2015) make farmers reluctant to use an RCC or to allow adequate time to grow in the spring (Tollenaar et al., 1993; Vaughan and Evanylo, 1998; Dinnes et al., 2002; Dhima et al., 2006) . Lamarca (1996) found that when accumulated cereal cover crop biomass was less than 3000 kg DM ha -1 , the strongest negative effect on corn growth was for the 4-wk period after cover crop termination; however, greater cover crop biomass resulted in an extended negative effect. Therefore, farmers attempt to reduce negative RCC effects with early termination in the spring, which allows timely corn planting, but reduces RCC potential benefits. Early termination also allows more time for BD and N recycling (Kaspar and Singer, 2011) . However, early termination would diminish the RCC potential to scavenge residual NO 3 . Extending the waiting period could result in late corn planting, something farmers prefer to avoid due to potential yield loss (Cirilo and Andrade, 1994; Duiker and Curran, 2005; Van Roekel and Coulter, 2011) .
Differences in weather conditions may affect not only corn and soybean yield, and resultant N uptake, but also RCC BP, fall and spring RCC growth, RCC N accumulation, and nutrient cycling. Residual soil profile NO 3 -N remaining after crop harvest for RCC uptake is influenced by annual precipitation and crop yield, and also by late fall and early spring excess precipitation (Strock et al., 2004) .
Predicting plant biomass degradation requires knowledge of environmental factors and chemical and physical composition of the biomass (Collins et al., 1990) . To have success in N recycling and supply of plant available N to annual crops from RCC BD, the N supply and availability needs to be synchronized with annual crop N uptake (Kaspar and Singer, 2011) . Rye cover crop BD and N recycling are mainly a function of air temperature (Farsad et al., 2011; Brennan and Boyd, 2012) , biomass quality (Gregory et al., 1985; Ma et al., 1999) , cropping history (Parkin et al., 2002) , rainfall intensity (Williams et al., 2002) , and soil moisture . Potential RCC N recycling is also a function of C and N availability for microbes, rather than only the total amount in RCC biomass (Ruffo and Bollero, 2003b) . Steiner et al. (1994 Steiner et al. ( , 1999 found that both air temperature and soil moisture should be combined when developing models to describe crop biomass degradation. However, Collins et al. (1990) considered time in first-order kinetics functions (exponential decay) as an accurate and the simplest approach to evaluate degradation of crop biomass.
When adopting RCC as a management practice in corn production systems, farmers would like to know how much N is taken up by an RCC and if and when that N is recycled and available to corn. The objectives of this study were to evaluate RCC N uptake, BD, and N recycling after spring RCC termination in a no-till CS rotation.
MATERIALS AND METHODS

Study Sites
The study reported here was conducted in 2010 and 2011 at four sites in Iowa that were part of an ongoing project evaluating corn and soybean grain yield and N fertilization response to RCC (Pantoja et al., 2015) . For the overall project, in the spring 2008 two adjacent study areas were selected at each site (Table 1) . A no-till CS rotation was initiated, with both crops present each year and rotated between areas. The year before project establishment all sites were tilled, with Ames and Nashua planted to soybean and Crawfordsville and Lewis planted to corn. There was one no-till crop year before the 2010 study year, therefore, there could be some residual effect on N cycling with the conversion to no-till. Initial soil tests, presented in Pantoja et al. (2015) , indicated that soil pH was slightly acidic (6.3-6.6), soil organic matter 41 to 50 g kg -1 , and Mehlich-3 soil test P and K were in the Optimum to Very High interpretation categories . Weather data ( Fig. 1 ) was collected at weather stations at each research site and reported by the Iowa Environmental Mesonet Network (Arritt and Herzmann, 2013) .
Treatments
The experimental design within each field at each site was a split-plot randomized complete block (RCB). This was the design for RCC-FC in this study, but for RCC-FS was not a split-plot as the N rate plots were not used. There were four replications. The RCC treatment (with and without RCC) was the main plot and six fertilizer N rates (0-225 kg N ha -1 in 45 kg N ha -1 increments) applied to corn the split-plot. The N was applied within 2 wk after planting as urea-ammonium nitrate solution (UAN, 32% N) with coulter-injection to every other row-space (1.52 m spacing). Treatments remained in the same plot locations. Plot size was eight crop rows (0.76 m row spacing) in width and 15 m in length at Ames, Crawfordsville, and Lewis; and six rows in width and 18 m in length at Nashua. For the study presented here, only the RCC plots were used. For RCC-FC, of the six N rates RCC biomass was used from the zero, approximate middle, and highest rates (0, 135, and 225 kg ha -1 , hereafter 0N, 135N, and 225N, respectively). For RCC-FS, RCC biomass was used from the main plot across N rates.
The RCC cultivar used each year was cultivar Wheeler and was no-till drill-seeded in the fall after corn and soybean harvest at a rate of 70 kg ha -1 . The RCC row spacing was 0.19 m at Ames, 0.18 m at Lewis, and 0.25 m at Crawfordsville and Nashua. The RCC seeding dates were from 25 September to 9 October with RCC-FS and from 17 September to 29 October with RCC-FC ( Table 2 ). The RCC was terminated with application of 1 to 2 kg a.i. ha -1 of glyphosate [N-(phosphonomethyl) glycine], between 19 April and 3 May with RCC-FS, and between 28 April and 10 May with RCC-FC. The overall project intent was to allow time for RCC growth, but terminate the RCC in a timely basis to avoid delay in annual crop planting. Therefore, as weather and soil conditions allowed, the RCC was terminated at least 1 wk before corn planting, and soybean planting at or within 1 wk after RCC termination.
Soil Sampling and Analysis
Soil was sampled by hand for profile NO 3 -N determination with a 0.02 m diam. soil probe in fall 2009 and 2010 (0 to 0.9 m in 0.3-m increments) after soybean and corn harvest and before or at RCC seeding. Soil sampling after soybean harvest in 2009 was by block (RCC main plot) because no fertilizer N rate treatments had yet been applied to the prior-year corn, with six cores collected from each plot at 0.2 m away from one of the center soybean rows. In 2010, sampling following soybean was in prior-year corn plots that received 0N, 135N, and 225N, with six cores collected per plot in a diagonal pattern across two soybean rows, with one core from each row and a core 0.2 m from the side of each row. As there was no difference in NO 3 -N due to the prior-year N rates applied to corn, and in the first year there were no prior N-rates, soil profile NO 3 -N following soybean is presented across N rates. Sampling after corn harvest was in each plot that received N the prior spring, with six cores collected per plot in the diagonal pattern across two corn rows. Soil cores were mixed and a subsample saved for analysis. Collected soil was dried in a forced-air oven at 25°C, ground to pass a 2-mm sieve, and NO 3 -N determined by 2 mol L -1 KCl extraction and colorimetric Cd reduction using a Lachat flow injection analyzer (QuikChem 8500 Series 2, Lachat Instruments, Loveland, CO; Brown, 1998) . Concentrations were converted to a mass basis, using a common bulk density of 1.3 g cm -3 for Iowa soils (Al-Kaisi et al., 2005; Pantoja et al., 2015) , and added across depths to obtain the total soil NO 3 -N to a 0.9-m depth. The NO 3 -N amount in the subsoil could be underestimated by using the same soil bulk density since the top-layer bulk density tends to be lower.
Rye Biomass Sampling and Analysis
To determine aboveground BP and accumulated C and N, in the spring within 3 d before RCC termination ( Table 2 , considered time zero) aboveground RCC biomass at six random locations was sampled using a 0.093-m 2 PVC square frame that encompassed two RCC rows (amount per area basis adjusted for rye row spacing). The RCC plants were cut at the soil surface from within the frame and composited from the six locations into one sample. With the RCC-FS, biomass sampling was conducted by replicate because no N was applied to soybean, whereas with RCC-FC sampling was by each plot that received 0N, 135N, and 225N.
Additional RCC biomass was collected from each replicate (RCC-FS) or plot (RCC-FC) and split into three subsamples, fresh weight recorded, placed into nylon mesh bags (bag size was 40 by 30 cm and mesh size 3 by 1 mm), and the bags placed on the no-till surface in the middle of corresponding prior-year soybean or corn plots and between RCC rows. The mesh bags were not mixed or covered with crop residue. The RCC material was cut at the soil surface and placed intact into the mesh bags. At the same time, RCC subsamples were saved for DM determination and C and N analysis. The RCC biomass amount placed into the mesh bags varied depending on the BP amount at each site-year, but was intended to be 100 to 300 g of fresh RCC biomass in each bag. The mesh bags covered on average 0.06 m 2 when placed on the no-till soil surface. Placement was away from farm equipment traffic patterns to avoid damage during planting of corn or soybean and N application to corn. One set of bags was collected at 21, 63, and 105 d. In a few cases some soil was mixed with the RCC biomass sample, but was carefully removed by hand before weighing. The RCC biomass samples collected at time zero, and the remaining RCC biomass in each mesh bag at each sampling time, were dried in a forced-air oven at 60°C and weighed to estimate the BP (at time zero) and the remaining RCC biomass amount at each sampling time (hereafter the BP and the RCC biomass remaining are expressed on a DM basis). The initial RCC biomass amount measured at time zero was adjusted to an area basis for RCC row spacing, and that amount per unit area was used for BD determination after time zero.
All samples, including those collected at time zero, were ground to pass a 2-mm sieve and a subsample analyzed for total C and N by dry combustion (LECO CHN-2000 analyzer, LECO Corp., St. Joseph, MI; Nelson and Sommers, 1982) . The amount of remaining RCC biomass, carbon in the rye cover crop biomass (RCC-C), and nitrogen in the rye cover crop biomass (RCC-N) at each sampling time was calculated on an area basis by relating the fraction that remained in the mesh bag to the amount per unit area determined at time zero. The C/N ratio of all RCC biomass samples was calculated by dividing the C amount by the N amount on an area basis.
Statistical Analysis
Statistical analyses of measured parameters were performed with PROC MIXED (SAS Institute, 2009), with an RCB splitplot design for N rate with RCC-FC. Blocks and years were considered random. For RCC-FS, analyses were only performed between sites. For the analyses of soil profile NO 3 -N, BP, C, N, and C/N ratio in the RCC biomass, site was considered fixed for RCC-FS and RCC-FC, and N rate applied to the prior-year corn was considered fixed for RCC-FC. For the analysis of BD, RCC-C, RCC-N, and C/N ratio in the remaining RCC biomass, sampling time was a fixed factor. Differences between treatment means were assessed with the PDIFF option in PROC MIXED and considered significant at P ≤ 0.05.
The relationship between C/N ratio and N concentration of the RCC biomass at time zero and across sites and years was fit to the power regression model Eq. [1] using PROC NLIN. The exponential decay regression model Eq.
[2] was also fit using PROC NLIN for BD, RCC-C, and RCC-N as proposed by Collins et al. (1990) . The exponential model fit was by site for RCC-FS, by site and fertilizer N rate applied to the prior-year corn for RCC-FC, and across sites and years for both RCC-FS and RCC-FC. PROC REG was used to fit the quadratic decay model for the C/N ratio of remaining RCC biomass (Eq.
[3]) across sites and years. The coefficient of determination (R 2 ) for each model was calculated, and models were deemed significant at P ≤ 0.05.
In the power regression model, Y represents the predicted N concentration (g N kg -1 ), x is the C/N ratio in the RCC biomass, and a and b are constants of the model. In the exponential decay model, Y t is the remaining RCC biomass, RCC-C, or RCC-N (kg ha -1 ) at time t (d); Y 0 is the predicted initial RCC biomass, RCC-C, or RCC-N (kg ha -1 ) at t = 0; e is the exponential constant with an approximate numerical value of 2.7182; and k is the relative decomposition rate coefficient (g g -1 d -1 ). The parameters of the power and exponential models were considered significant if the 95% confidence intervals did not encompass zero (Ruffo and Bollero, 2003a) . In the quadratic model, Y represents the predicted C/N ratio in the remaining RCC biomass, x is time (d), and a, b, and c are the intercept, linear coefficient, and quadratic coefficient of the regression model, respectively. The quadratic models were significant (P ≤ 0.05) with an R 2 = 1.0.
An analysis of variance across years was used to investigate significance of site for RCC-FS and site and fertilizer N rate applied to the prior-year corn for RCC-FC for estimated amount of initial (Y 0 ) RCC biomass, RCC-C, and RCC-N, and relative decomposition rate coefficient (k) for RCC-BD, RCC-C, and RCC-N. Since k was not affected by site or interaction with N rate, model results were also summarized across sites and years.
RESULTS AND DISCUSSION
Post-Harvest Soil Nitrate Soil profile NO 3 -N in the top 0.9 m of soil after soybean and corn harvest was <54 kg N ha -1 at all sites, with most instances being much less than that amount (Tables 3 and 4) . Soil profile NO 3 -N after soybean harvest was lowest at Ames and greatest at Lewis. After corn harvest and across N rates applied to corn, NO 3 -N was lowest at Ames and greatest at Nashua. Except for Ames, fertilizer N application resulted in a small increase in soil profile NO 3 -N with across site 135N and 225N application increasing soil NO 3 -N by only 5 and 13 kg N ha -1 compared to 0N, respectively. Corn grain yield in the overall project for 2009 and 2010 was high (>12 Mg ha -1 ) with adequate N application, as well as high soybean yield (>4 Mg ha -1 ). The high corn and soybean yields, in conjunction with above average growing season precipitation each year, and above average precipitation in October 2009 (Fig. 1) , resulted in low soil profile NO 3 -N even with the 225N rate. The low soil profile NO 3 -N would be an indication that soil supply of plant available N to promote BP and N uptake was low. However, since the N rate applied to corn increased post-harvest soil profile NO 3 -N, at sites except Ames, that increase would potentially influence BP and N uptake.
Rye Cover Crop Biomass Production and Nitrogen Accumulation Rye Cover Crop Biomass Production
The average air temperature during early spring (March and April) in 2010 was 2°C warmer than the historical average at all sites, whereas 2011 was 2°C colder at three of the four sites. During that period, Ames was drier than the historical average in 2011, Crawfordsville was drier in 2010, and Lewis and Nashua did not receive any precipitation in March both years (Fig. 1) .
The BP with RCC-FS and RCC-FC (across N rates applied to the prior-year corn) was greatest at Crawfordsville and lowest at Nashua (Tables 5 and 6 , respectively). Crawfordsville was one of the southern sites, therefore, greater BP would be expected at that site. Nashua, however, was the most northern site and thus had a shorter spring period for RCC growth. According to Hoorman et al. (2009) , BP in the early spring will be less in cooler climatic regions compared to temperate regions, along with factors such as residue cover, that result in lower soil temperature. On average, BP with RCC-FS was 10% (100 kg DM ha -1 ) less than RCC-FC (across N rates applied to the prioryear corn; Tables 5 and 6 ). Another factor affecting RCC growth was time of termination. The RCC-FS was terminated on average 2 wk before termination of the RCC-FC, with the earlier termination following soybean an attempt to reduce negative effects of RCC on the subsequent corn crop and to allow timely corn planting; with corn planting on average 1 wk before soybean. 23b  23b  24c  22c  135N  19a  22b  29ab  39b  27b  225N  18a  35a  33a  53a  35a  Mean  18C ‡  27B  28B  38A† 0N, 135N , and 225N represent 0, 135, and 225 kg N ha -1 applied to the corn. ‡ Means with the same lowercase letter within a column and means by site across N rates with the same capital letter are not different (P £ 0.05).
Despite the lack of increased soil profile NO 3 -N with N application at Ames, the application of 225N to the prior-year corn did result in BP increase (170 kg DM ha -1 ) compared to 0N (Table 6 ). At Lewis, there was increased soil profile NO 3 -N, but no difference in BP with the prior-year N rate. At no site was there greater BP with the prior-year 135N rate compared to 0N. Although post-harvest soil profile NO 3 -N was increased with N applied to the prior-year corn at most sites, the increases were small compared to no-N application, and therefore BP was not greatly increased from that soil profile NO 3 -N. Across sites and years, application of 225N increased BP by 32% (310 kg DM ha -1 ) compared to 0N and by 26% (260 kg DM ha -1 ) compared to 135N.
The BP was low compared to studies conducted by Ruffo and Bollero (2003a) in the Midwest, where BP was >3000 kg ha -1 . Reasons for low RCC-BP in this study included late seeding in the fall after soybean and corn harvest, cold temperatures in late fall, short spring period for RCC growth, and low post-harvest soil profile NO 3 -N. Brennan et al. (2011) found that RCC-BP was also a function of site location and plant density.
Aboveground Rye Cover Crop Biomass Carbon and Nitrogen
As has been reported in previous research (Vigil and Kissel, 1991; Brennan et al., 2013) , aboveground C in the RCC-FS and RCC-FC followed the same trend as BP. The C amount in the RCC-FS was greatest at Crawfordsville and lowest at Nashua, but the aboveground N amount was not different among sites (Table 5) . Carbon in the RCC-FC was greatest at Crawfordsville and lowest at Nashua (Table 6 ). Carbon increased with the 225N applied to the prior-year corn only at those two sites, which differed from the BP which was also increased with the 225N rate at Ames. Nitrogen amount in the RCC-FC was also greatest at Crawfordsville and lowest at Nashua. The RCC-N amount was increased with N applied to the prior year corn at all sites except Lewis, which followed the BP and RCC-C trend. At no site did the 135N rate result in more RCC-FC C or N than with 0N (Table 6) .
Across sites and years, application of 225N increased RCC-C by 30% (120 kg C ha -1 ) and RCC-N by 40% (8 kg N ha -1 ) in the RCC-FC compared to 0N and 135N (Table 6 ). The increase in rye N amount following corn N fertilization reflected the difference in residual soil NO 3 -N in the fall after corn harvest (8 to 13 kg NO 3 -N ha -1 ). According to Sainju et al. (2005) , RCC is capable of scavenging residual N to a 1.2-m depth. Our results showed that RCC-FC was influenced by post-harvest soil profile NO 3 -N from the 225N rate; however, the 135N rate apparently did not have enough post-harvest soil profile NO 3 -N increase to affect RCC growth and N uptake. Ranells and Wagger (1997) conducted a 2-yr experiment to evaluate N uptake by corn and RCC recovery of residual N with 15 N-labeled fertilizer. They applied 200 kg N ha -1 to the corn crop and found that corn together with RCC utilized 75% of the fertilizer N, and RCC recovered 39% of the residual fertilizer N. Table 5 . Aboveground rye cover crop biomass production (BP), C, N, and C/N ratio following soybean at the time of sampling in the spring, across 2010 and 2011.
Site Ames  1130ab ‡ 455ab  30a  14b  Crawfordsville  1230a  505a  29a  17a  Lewis  910ab  370ab  27a  13bc  Nashua  710b  285b  23a  12c  Mean  990  405  27 14 † Dry matter basis. ‡ Means with the same letter within a column are not different (P £ 0.05). Table 6 . Aboveground rye cover crop biomass production (BP), C, N, and C/N ratio following corn at the time of sampling in the spring, across 2010 and 2011.
N rate † Ames Crawfordsville Lewis Nashua Mean BP ‡, kg ha -1  0N  760b §  1920b  700a  500b  970b  135N  770b  2130b  690a  510b  1020b  225N  930a  2910a  560a  710a  1280a  Mean  820B §  2320A  650BC  570C  RCC-C, kg C ha -1  0N  310a  800b  285a  205b  400b  135N  315a  885b  280a  205b  420b  225N  385a  1220a  235a  290a  530a  Mean  335B  970A  265BC  235C  RCC-N, kg ha -1  0N  16b  28b  15a  12b  18b  135N  18ab  31b  16a  13b  19b  225N  25a  44a  15a  20a  26a  Mean  19B  34A  16BC  15C  C/N ratio  0N  20a  29a  19a  17a  21a  135N  18b  29a  18a  15b  20b  225N  16c  28a  15b  14b  18c  Mean  18B  28A  17BC  15C† 0N, 135N , and 225N represent 0, 135, and 225 kg N ha -1 applied to the prior-year corn. ‡ Dry matter basis. § Means with the same lowercase letter within a column and measurement, and across N rate means by site with the same capital letter within a measurement, are not different (P £ 0.05).
Accumulation of N in the RCC reflected the low soil NO 3 -N in both RCC-FS and RCC-FC systems. Without considering soil N mineralization in the fall after soil profile sampling and in the early spring until the time of RCC termination (due to cold temperatures during that period which limits mineralization), or leaching below the RCC root zone, the inorganic soil N amount available for RCC uptake would approximate the post-harvest soil profile NO 3 -N. Based on the RCC-N uptake, the RCC accumulated an average 87 and 75% of the post-harvest soil profile NO 3 -N, respectively, with RCC-FS and RCC-FC.
Rye Cover Crop Biomass Carbon/Nitrogen Ratio
The C/N ratio in the RCC biomass increased slightly with the corresponding greater BP with both RCC-FS and RCC-FC, but decreased with N rate applied to the prior-year corn with RCC-FC at three sites (not Crawfordsville) and the mean across sites (Tables 5 and 6 ). According to Brennan et al. (2013) , the C/N ratio increased through the RCC growth period and with increasing BP. The BP at Crawfordsville was three to four times greater than the other sites, and had the highest C/N ratio, which may have resulted in the lack of C/N difference with N application to the prior-year corn at that site. Across sites and years, the C/N ratio was lower with RCC-FS than RCC-FC, a reflection of the less limited N supply in the RCC-FS system and the shorter spring period for RCC-FS to grow.
Across sites and years, C concentration in the RCC biomass (data not shown) was the same with RCC-FS and RCC-FC with 0N and 135N (average 410 g C kg -1 ); however, application of 225N to the prior-year corn increased C concentration by 7 g C kg -1 (P < 0.001). Across sites and years, N concentration in the RCC biomass (data not shown) was 8 g N kg -1 greater with RCC-FS than RCC-FC across N rates applied to the prior-year corn (31 vs. 23 g N kg -1 ), and 10 g N kg -1 greater with RCC-FS when compared to RCC-FC with 0N. Nitrogen application to the prior-year corn increased N concentration in the RCC biomass, and was 21, 23, and 25 g N kg -1 for 0N, 135N, and 225N , respectively (P < 0.001). According to Schomberg et al. (1994) , both C and N accumulation affects crop biomass quality (that is, the C/N ratio), and Douglas and Rickman (1992) found that N concentration in crop biomass plays an important role in biomass degradation and N cycling. Vigil and Kissel (1991) found that despite an increase in crop biomass amount, C concentration was fairly constant during the growing season, but not the C/N ratio. Our results showed that C concentration was similar with RCC-FS and RCC-FC; however, N concentration was different depending on the prior-crop and N rate applied to the prior-year corn.
As expected the C/N ratio in the RCC biomass increased with decreasing rye N concentration, and was lower with RCC-FS than RCC-FC (Fig. 2) . The lower C/N ratio and greater N concentration in the RCC-FS also confirmed that RCC was less N-limited or less influenced by the prior-crop than the RCC-FC. The high R 2 of the relationship indicates that varying N concentration was the factor determining the C/N ratio of RCC biomass. The relationship between C/N ratio and N concentration observed in this study was previously reported by Vigil and Kissel (1991) and confirmed by Brennan et al. (2013) ; where they found that up to 75% of the N mineralized with crop biomass degradation could be explained by the biomass C/N ratio. According to Brennan et al. (2013) , the C/N ratio of RCC biomass can be estimated readily by N concentration due to the narrow spread of C concentration. This relationship could be useful for estimating the C or BP amount added to soil from an RCC, thus only needing the RCC biomass N concentration measurement.
Rye Cover Crop Biomass Degradation and Nitrogen Recycling
The period from late April to early August (time period of the study) in 2010 was 1°C warmer than the historical average at all sites and there was more precipitation than the historical average each month, especially with high precipitation in June and August at Ames and in June at Crawfordsville. In 2011, precipitation was near the historical average between late April to early August at all sites, but July and August were 2°C warmer compared to the historical average (Fig. 1) .
With RCC-FS, the BD (measured as remaining biomass over time), RCC-C amount, and C/N ratio differed between site and sampling time (expressed in d) after mesh bag placement in the field (Table 7) . However, the RCC-N amount was different only for sampling time (Table 7) .
The BD and RCC-C amount with RCC-FC differed between site and time, and also between site and N rate applied to the prior-year corn. However, there was no site × time interaction for RCC-N amount (Table 7) , but there was an interaction between site and N rate. There was no interaction between time and N rate, or three-way interaction, for BD, RCC-C, and RCC-N in the RCC-FC. Therefore, the BD, RCC-C, and RCC-N were the same for site and N rate across sampling time. The microbial use of available C for BD can result in potential N mineralization (Ruffo and Bollero, 2003a) , and since N concentration is the driving factor for changes in the C/N ratio with BD (Vigil and Kissel, 1991) , N recycling patterns and rates are not necessarily the same as for BD or C recycling. The exponential decay model described the BD, RCC-C, and RCC-N across the 105-d period. Parameter estimates for the exponential decay models and statistics indicating the significance of the models for degradation of RCC-FS and RCC-FC at each site and across years are presented in Tables 8 and 9 , respectively. All models were developed with the means of remaining RCC biomass, RCC-C, and RCC-N by site with RCC-FS, and also by N rate applied to the prior-year corn with RCC-FC.
The exponential decay models for BD, RCC-C, and RCC-N with RCC-FS were significant (P < 0.05) for each site and had an R 2 ≥ 0.95 (Table 8 ). The greatest initial RCC biomass (Y 0 ) was estimated at Crawfordsville and the lowest at Nashua, which matched the BP measured at time zero. Also, the relative BD rate (k) was greatest at Crawfordsville and lowest at Lewis. Despite similar annual temperature between the two sites, precipitation was greater at Crawfordsville than Lewis and the increased moisture may have resulted in a greater k for the Crawfordsville site. The decay models for RCC-C and RCC-N had estimated initial RCC-C and RCC-N amounts (Y 0 ) that matched the C and N amounts measured at time zero. However, differences in k between sites for RCC-C were smaller than for BD. The greatest fraction of RCC biomass remaining after 105 d with RCC-FS was at Lewis (52%) and the lowest at Crawfordsville (25%). The difference in BD remaining between the two sites was due to the different k value for each site. Ruffo and Bollero (2003a) found that by corn harvest, there was still 5% RCC biomass remaining on the soil surface, with the amount varying with initial BP and accumulated C.
As found with RCC-FS, all exponential decay models with RCC-FC for BD, RCC-C, and RCC-N were significant at each site for each N rate applied to the prior-year corn (Table 9 ). In all but two cases (BD and RCC-N with 0N at Ames), the R 2 was ≥0.90. The Crawfordsville site has a poorly drained soil that saturates Table 7 . Analysis of variance for rye cover crop (RCC) biomass degradation (BD), carbon in the rye cover crop biomass (RCC-C), nitrogen in the rye cover crop biomass (RCC-N), and C/N ratio with rye cover crop following soybean (RCC-FS) and RCC following corn (RCC-FC), across 2010 and 2011.
Source Table 8 . Exponential decay model parameters for rye cover crop (RCC) biomass degradation (BD), carbon in the rye cover crop biomass (RCC-C), and nitrogen in the rye cover crop biomass (RCC-N) for RCC following soybean as a function of mesh bag collection time after placement (d), across 2010 and 2011. relatively quickly with high precipitation. The potential for excess soil moisture would add variability, which could affect BD and N recycling. The greatest initial RCC biomass (Y 0 ) was estimated at Crawfordsville and the lowest at Nashua, which matched the BP measured at time zero. The k for BD was within a narrow range (-0.012 to -0.006 g g -1 d -1 ) across sites, indicating that BD rate with RCC-FC was similar across sites and N rates applied to the prior-year corn. The RCC-C and RCC-N decay models showed that estimated initial RCC-C and RCC-N amount (Y 0 ) matched the C and N amounts measured at time zero. The range for k with RCC-C and RCC-N was narrow (-0.017 to -0.010 g g -1 d -1 for RCC-C, and -0.014 to -0.004 g g -1 d -1 for RCC-N). The k for RCC-C with RCC-FC was similar to that for RCC-C with RCC-FS, indicating that C recycling over time was similar for both RCC-FC and RCC-FS. However, k for RCC-N with RCC-FC was lower than that for RCC-N with RCC-FS, indicating that N recycling was slower with RCC-FC than RCC-FS. Overall, estimated k values were similar to those reported by Kaboneka et al. (1997) , who conducted an incubation study evaluating corn, soybean, and wheat (Triticum aestivum L.) biomass degradation over 30 d. They reported that decomposition ranged from 39% for wheat to 67% for soybean.
The significance level of the exponential decay models and R 2 for both RCC-FS and RCC-FC were high compared to a similar study conducted by Ruffo and Bollero (2003a) where they sampled RCC biomass that remained as-is on the soil surface across plots over time. In this study, the models goodness of fit was likely improved due to placement of the RCC biomass into mesh bags and allocation on the soil surface away from farm equipment traffic patterns, which avoided RCC biomass damage from plot activities. The placement of RCC biomass into soil (buried vs. soil surface and into mesh bags) could also create significant changes in k, as crop residues incorporated to the soil degrade faster than those remaining on the soil surface (Douglas and Rickman, 1992) . Our study was conducted in a no-till system, and this could have resulted in slower BD compared to that in a tilled system with greater soil contact.
Site did not have an influence on Y 0 or k for BD, RCC-C, and RCC-N with RCC-FS (Table 10) . With RCC-FC, the Table 9 . Exponential decay model parameters for rye cover crop (RCC) biomass degradation (BD), carbon in the rye cover crop biomass (RCC-C), and nitrogen in the rye cover crop biomass (RCC-N) for RCC following corn as a function of mesh bag collection time after placement (d), across 2010 and 2011.
Site and N rate † Table 10 . Analysis of variance for fixed effects of the estimated initial amount (Y0) and relative decomposition rate (k) of exponential decay models for rye cover crop (RCC) biomass degradation (BD), carbon in the rye cover crop biomass (RCC-C), and nitrogen in the rye cover crop biomass (RCC-N) for rye cover crop following soybean (RCC-FS) and rye cover crop following corn (RCC-FC), across 2010 and 2011. interaction between site and N rate applied to the prior-year corn influenced Y 0 for BD and RCC-C, but not RCC-N. The k value was not influenced by any factor with RCC-FC. Therefore, the net BD and N recycling amount depended on Y 0 , but not k, and the N recycling was the same across sites and N rates applied to the prior-year corn. The exponential decay models across sites and years for BD, RCC-C, and RCC-N with RCC-FS and RCC-FC are shown in Fig. 3 . Across sites and years, after 105 d 38% of the RCC biomass with RCC-FS and RCC-FC (across N rates applied to the prior-year corn) still remained. The N recycling of accumulated N (that not remaining in the mesh bag) with RCC-FS (N for the subsequent corn crop) was 25% (7 kg N ha -1 ), 60% (16 kg N ha -1 ), and 80% (22 kg N ha -1 ) by 21, 63, and 105 d, respectively, after time zero. Comparatively, by the end of the 105-d period and across N rates applied to the prioryear corn, 64% (14 kg N ha -1 ) of accumulated N with RCC-FC (N for the subsequent soybean crop) was recycled. The total N recycled was low with both RCC-FS and RCC-FC, which reflected the low N accumulation in the RCC biomass. Ruffo and Bollero (2003b) found that slow nutrient recycling rates are associated not only with accumulation of high C and low N containing compounds, but also with C and N availability for microbial use in RCC-BD and nutrient recycling. This can be especially important with cereal crops (with high C/N ratio), as with an RCC, compared to legumes. Early cover crop termination results in lower C/N ratios due to the shorter time to accumulate Fig. 3 . Exponential decay models as a function of time for rye cover crop (RCC) biomass degradation (BD), carbon in the rye cover crop biomass (RCC-C), and nitrogen in the rye cover crop biomass (RCC-N) with rye cover crop following soybean (RCC-FS) and rye cover crop following corn (RCC-FC). Data points are the mean of each RCC system across sites and years. All regression models were significant (P ≤ 0.05). † 0N, 135N, and 225N stand for 0, 135, and 225 kg N ha -1 applied to the prior-year corn.
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cellulose, hemicellulose, and lignin (Kaspar and Singer, 2011) . The more rapid N recycling with RCC-FS could have been a result of the lower initial C/N ratio in the RCC biomass compared with RCC-FC (Tables 5 and 6 , Fig. 4) . The RCC-FS was terminated 2 wk before termination of RCC-FC, and hence had less time to grow and accumulate high C/N ratio compounds, which resulted in a more rapid and greater N recycling. The difference in RCC termination date is also reflected in the lower C/N ratio over time (Fig. 4) . The prior-year corn with 225N rate resulted in a lower initial C/N ratio compared to 0N, but since the difference was small, N recycling was similar with and without N application to the prior-year corn. As the rate of C and N recycling decreased over time, the C/N ratio became the same with RCC-FS and RCC-FC (Fig. 4) , an indication of the low N amount and high C/N compounds in remaining RCC biomass.
Results of this study suggest that residual NO 3 -N from fertilizer N applied to prior-year corn has potential to increase BP and N uptake, but not the rate of BD, C or N recycling. Nitrogen recycling amount from RCC-FS was small compared to agronomic N application rates and would have minimal impact on soil potential supply of plant available N for the subsequent corn crop and reduction in corn N requirement. Ruffo and Bollero (2003a) conducted a study in Illinois to evaluate RCC-BD and found that 4 to 6 wk after corn emergence the BD recycled only 33% of the accumulated N in the RCC biomass within the system. They concluded that BD and nutrient recycling are more useful in soil conservation and soil N storage than as an available N source for corn. Using surface-applied 15 N-labeled RCC biomass, Ranells and Wagger (1997) found that corn recovered 4% of N recycled from BD. Garwood et al. (1999) found that an RCC increased soil inorganic N by a total of 160 kg N ha -1 across an 8-yr study, and concluded that the increase in soil N storage was due to less NO 3 -N loss in tile drainage water than N accumulation in the RCC biomass. Kuo and Jellum (2000) indicated that an increase in soil N is possible, but in soils with high background levels of soil organic matter, it is difficult to measure that increase with implementation of new crop management practices such as use of an RCC. That could be the case in Iowa soils which have high soil organic matter levels. In another study, Kuo and Jellum (2002) concluded that an RCC did not reduce presidedress soil NO 3 -N concentrations compared to fallow and that corn yield was mostly affected by initial soil profile NO 3 -N amount and N rate. Our results in this rye degradation study, along with a lack of change in the corn economic optimum N rate with use of the RCC system found in the overall multi-year project (Pantoja et al., 2015) , confirmed that the RCC system recycled a low amount of N and would have a minimal effect on the supply of plant available N to the corn crop.
CONCLUSIONS
Across sites and years, BP and N uptake were low due to low post-harvest soil profile NO 3 -N and the short spring period for RCC growth. Low temperatures in late fall and early spring, and years with above normal precipitation, could have also resulted in the low soil profile NO 3 -N and low BP. Based on soil profile NO 3 -N present after annual crop harvest, the RCC accumulated 87 and 75% of the soil profile N with RCC-FS and RCC-FC, respectively. There were differences in BP, RCC-C, and RCC-N among sites with RCC-FS, and also among fertilizer N rates applied to the prior-year corn with RCC-FC, but differences were small. With RCC-FC, N applied to corn at 225N resulted in the greatest BP (mean 1280 kg DM ha -1 ) and accumulated N (26 kg N ha -1 ), a total N amount similar to that with RCC-FS (27 kg N ha -1 ). However, accumulated N was greater with RCC-FS than with RCC-FC with 0N and 150N (18 kg N ha -1 ), a reflection of the different prior-crop and seeding date.
The relative decomposition rate coefficients (k) in the exponential decay models for BD and RCC-C were similar with RCC-FS and RCC-FC, and for the different N rates applied to the prioryear corn. However, decay models had a greater degradation rate for RCC-N with RCC-FS than RCC-FC. The low BP and N uptake, in combination with the relatively slow BD rate, resulted in a low RCC N recycling amount in all cases. After 105 d, 22 kg N ha -1 (80% of uptake) was recycled with RCC-FS while only 14 kg N ha -1 (64% of uptake across N rates applied to the prior-year corn) was recycled with RCC-FC. The more rapid and greater N recycling with RCC-FS compared to RCC-FC appeared to be associated with a lower initial RCC C/N ratio.
Rye cover crops can be a good management practice for several environmental purposes, such as reduced NO 3 -N loss to water systems and erosion control. However, the RCC system in this study did not accumulate an agronomically meaningful amount of N to recycle, and in conjunction with slow degradation, would limit the potential to reliably provide substantial amount of N to the following soybean or corn crop. Additional research is needed to develop cover crop management recommendations that enhance N uptake and recycling as well as increase row crop performance.
